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Bacterial Strains and plasmids
Laboratory stocks of three E. coli strains were used in this work, AB1157 (58), MG1655 (59), and BW25113 (60). Strain AD15 (AB1157 fliF) and strain AD26 (MG1655 fliF) were constructed by P1 transduction from strain JW1922 (BW25113 fliF from the Keio collection). The kanamycin resistance cassette was removed using Flp recombinase expressed in plasmid pCP20 (3). This process was repeated in a stepwise fashion using strains JW4277 (BW25113 fimA) and JW1063 (BW25113 flgE) to create the additional strains AD19 (AB1157 fliF,fimA = ∆FF) with genes coding for flagella and fimbrae deleted, AD34 (MG1655 fimA, flgE = ∆FH) with genes coding for fimbrae and hook protein deleted, and AD33 (MG1655 fliF,fimA,flgE = ∆FFH) with genes coding for flagella, fimbrae and hook protein deleted. Strain construction was verified for each deletion by PCR using a combination of primers specific for the kanamycin cassette and primers specific for each gene to be deleted.
Finally, to directly image flagella of adhering cells, we used strain AD1 pWR21 (AB1157 fliC (S353C)) which contains a modified chromosomal fliC gene. This strain has been described previously (28) . Flagella were labelled with Alexa Fluor 546 C5 maleimide; InvitrogenMolecular Probes.
Electron Microscopy of the bacteria and silica templates
We recorded transmission electron microscope images for the two main bacterial strains used in this work. SI Fig. 1a shows an image of an E. coli WT cell, recorded on a Philips CM120 transmission electron microscope with a Gatan Orius CCD camera. SI Fig. 1b was recorded using a JEOL JEM-1400 Plus TEM with a GATAN OneView camera and shows an E. coli ∆FF cell that appears smooth down to 10 nm. The scanning electron microscope image in SI Fig. 1c of the bacteria-shaped hollow silica particles used in this work was recorded on a Joel JSM-6010PLUS/LA Scanning Electron Microscope.
Atomic Force Microscopy of the glass surface
We investigated the borosilicate glass inside the capillaries using Atomic Force Microscopy (AFM) to characterise the surface roughness. First, the internal capillary surface was exposed by cutting away part of the capillary with a diamond-tipped pen. The exposed inner surface section S1. Characterization
Transmission electron microscope images representative of the two main str ains used in this wor k: (a:) a cell of E. coli wild-type with flagella and fimbrae, (b:) a cell of E. coli ∆FF, which does not have flagella and fimbrae. was then scanned using a Bruker AFM Multimode/Nanoscope IIIa (Bruker, Santa Barbara, CA, USA) with antimony-doped silicon tips (Bruker MPP-11220-10; Nominal tip radius: 8 nm, cantilever spring constant: 40 N/m) operating under tapping mode in air. A constant scan rate of 0.4 lines per second was used. Two different capillaries were imaged using a J-scanner (maximum optimal x,y range approximately 140 µm), each at twelve different locations along the capillary length axis, for each of which a 10 µm x 10 µm area and a 2 µm x 2 µm area were scanned. The recorded raw images were corrected in Gwyddion for tilt using plane levelling, after which scanning lines were aligned using a 5th order polynomial transformation. For the resulting 24 image datasets, a representative example is shown in SI Fig. 2 . To calculate the peak-to-peak roughness, we calculated a histogram of all z-values within an image and discarded the highest 1% of the values to exclude outliers. We then considered the peakto-peak-roughness to be the difference between the highest and the lowest z-value within this distribution. The average peak-to-peak roughness measured over 24 areas of 10 µm x 10 µm was 1.78 ± 0.05 nm. We also calculated the root mean squared (RMS) roughness, which is defined as
where Z(x i , y i ) is the height above the imaging plane. Here the sum runs over points i = 1..N with coordinates (x i , y i ) within the image. We measured an average RMS roughness of 0.25 ± 0.003 nm . We neither found differences between the two capillaries that we measured nor between different regions at the centre or close to either long end of the capillary, indicating that the surface of the capillary was homogeneous throughout.
To make colloidal particles that mimic the shape of bacteria the procedure described by Nomura et al. (34) was employed. This involves the use of bacteria themselves as a template for the particle synthesis and, under the right conditions, produces smooth, hollow silica spherocylinders with the same size and aspect ratio as the original bacteria. To this end, a bacterial solution of E. coli MG1655 WT was grown to late log phase at 37 • C in LB at 200 rpm. Cells were harvested, washed three times in 0.9 % w/v NaCl, and resuspended to a final concentration of 7 × 10 10 cells/mL. Subsequently, 1.0 mL of this solution was combined with 80.3 mL of ethanol and 1.8 mL of distilled water. After adding 10 mL of a [2 mol/L] ammonia solution in ethanol, the mixture was sonicated for 1 minute. In a separate vial, 0.55 mL of tetraethylorthosilicate was mixed with 6.3 mL of ethanol. This was added to the sonicated bacterial solution, after which the mixture was stirred for 72 hours at room temperature. The resulting silica particles were harvested by centrifugation and resuspended in ethanol. To replicate the true conditions under which bacteria are studied it was desired section S2. Synthesis and experimental details of bacteria-shaped hollow silica particles a wobbling, pivoting, and actively rotating adhering cells, and for diffusing and swimming cells. The anchoring coordinate A, where the MSD is minimum, is indicated with a large marker for each cell.
that the final silica particles would be stable in motility buffer. It was found that the particles produced by the method above were unstable in this media due to its high salt concentration and required coating with a layer of polymer to act as a steric stabiliser against aggregation. To accomplish this, 2.5 mL of a 35 % ammonia solution in water was added to 1.4 × 10 10 particles dispersed in 20 mL of ethanol. To this mixture was added 0.33 mL of the molecule 2-[methoxypoly(ethyleneoxy) 6−9 propyl]dimethylmethoxysilane which bound chemically via the silane end to the particles and had the 2-methoxypolyethylene end as the steric stabilizer. This resulting mixture was stirred overnight at room temperature. The particles were harvested by centrifugation, and resuspended in motility buffer (MB, see Materials and Methods section in the main text). To break up small clusters, the mixture was briefly sonicated (10 min sufficed) before use.
We determined the anchoring point as the least-moving point ('anchoring point') A along the length axis of a cell, measured over time-intervals of 0.4s. For each bacterium i, we first calculate R section S3. Determining the anchoring point of a cell and classifying its dynamics pected anchoring point is the mean of the positions of the individual patches. We assume that the cells lie flat along the surface, and that all adhered patches lie along the line of contact between the glass surface and the cell of length L. The patches behave like springs with a spring constant k, connecting fixed points on the glass surface to fixed points on the surface of the bacterium. Without loss of generality, the axis of the cell is taken to lie along the x axis at equilibrium, with the glass surface defined by the x, y plane. The patches, labelled j = 1...N are located at points x j ∈ [−0.5, 0.5] along this axis, in units of L. The motion of the cell can be written in terms of rotations θ around any point X along the cell axis, and translations in the plane. For small displacements, δθ, δx and δy, the potential energy of the springs is then
We can set X = j x j /N , the mean of the adhesive patch locations, and in this case the term in δθδy vanishes and S takes the form
Since there are no cross terms between the displacements, x, y and θ represent independent degrees of freedom, so display independent thermal fluctuations. Hence, since every point along the cell body experiences the same degree of translational fluctuation, the point which experiences the least motion is the centre of rotation, or X, which is therefore the anchoring point.
We have demonstrated in the main text that population heterogeneities in adhesion propensity are present for E. coli wild-type (WT) and an E. coli strain without flagella and fimbrae (∆FF). We have also shown that pivoting cells are adhering with a single adhesive patch and can rotate freely while adhered to the surface and that this behaviour also occurs for mutants without flagella and fimbrae. To rule out that the rotational freedom is somehow caused by the presence of a flagella hook, we have also investigated two mutants ∆FH and ∆FFH that are both lacking essential components to assemble a flagellar motor (see section on characterisation for details). A histogram of the rotational exponent k R is shown in SI Fig. 4 , illustrating that pivoting motion is present for both of these mutants as well. We conclude that the rotational freedom required for pivoting motion does not demand the presence of flagella or parts of the flagellar motor.
section S4. Adhesion for mutants without the flagellar hook
For a bacterium attached via multiple adhesive patches (a wobbler), we show that the ex-
Pivoting is observed for both mutants, illustrating that the hook is not required to provide rotational freedom.
(a) (b)
∆FF, (a:) image of bacteria on the surface for approximately 5 hours since the beginning of the experiment. Circles mark pivoters (green), wobblers (blue) and binding sites deserted since the onset of steady state (grey) at (b:) the number of pivoters, wobblers and binding sites binding sites deserted since the onset of steady state. The data points on the x-axis commence 2.5 hours after the start of the experiment, when the system has approached a steady state (see Fig. 3a in main text). After around 2.5 hours after the start of the adhesion experiment, the number of adhering cells remains relatively constant (main text Fig. 2c ), indicating a steady state between attaching and and detaching cells on the surface. This observation even holds for different types of adherers, as is shown in Fig. 3a in the main text. Even though there is a steady state, individual cells still detach and attach. Each time a bacterium on the lower surface detaches, it deserts a previously occupied adhesion or 'binding' site on the glass surface. SI Fig. 5a shows pivoting cells (green circles), wobbling cells (blue circles), and binding sites deserted since the onset of the steady state (grey circles) for a position on the lower glass surface before capillary inversion. The number of pivoters, wobblers, and total number of binding sites deserted since the onset of the steady state is given in SI Fig. 5b . The linear increase of deserted binding sites shows that there is a constant hopping rate of cells detaching and re-attaching to the surface. This, combined with the observation that cells re-attach each time on different places on the surface, indicates that adhesion is not limited to a low number of binding sites on the glass substrate. The fact that detachments and re-attachments occur on different locations on the surface is also illustrated in SI Movie 9. fig. S6 . MSDs as function of τ for pivoters and wobblers, the averages were calculated using tr ajector ies for which 0.4s T k < 0.6.
section S5. Pivoters, wobblers, and deserted adhesion sites
We simulate our kinetic model in MATLAB using the independently measured parameters D = 0.4 µm 2 s −1 (41) and v s = 0.06 µms −1 , calculating the number of cells in each state, P, W and D, at each timestep ∆t = 0.1 s. D cells are counted only within an optical slice ∆z opt = 3.5 µm centred on the surface. We vary the rate constants, and the number of cells in each population to reproduce the behaviour from Fig. 2c,f and Fig.3a -c in the main text (lines are simulations). We also obtain analytical predictions for the post-adhesion dynamics, and fit these to the correlation functions C i→j in main text Fig. 3e . These analytical expressions take the form of sums of exponentials, and depend only on the rates k det , k P W and k W P , and the ratio of weak to strong adherers; hence we obtain estimates of these parameters. As expected, this model is able to broadly reproduce our experimental results. In some cases the agreement was quantitative, but universal quantitative agreement was not possible. In particular, we were not able to obtain quantitative agreement with the experimental correlation curves, main text Fig. 3e , for any values of the relevant rate constants. We can conclude from this that this model is a plausible explanation of our data, but that there are other important details, such as variations in rate constants between individual cells, that are not captured by our model.
For WT cells we used the parameters obtained from fitting the ∆FF data and added a motile cell population. These motile cells swim at speed v = 20 µm −1 and tumble with rate Γ = 1 s −1 , both parameters obtained independently. A fraction of the swimming cells bind to the surface, behaving like weak adherers. Again, these simulations (lines in main text Fig. 2b,e) are able to reproduce the broad features of our experiments and match some of the curves quantitatively.
In the simulations, we determine cell positions and states at discrete time intervals ∆t = 0.1 s in MATLAB. Initially, a fixed number of cells of each type (non-, weak-and strongadherers) totalling N cells, are uniformly distributed at random in the height interval 0 ≤ z ≤ z max , where z max = 400 µm corresponds to the capillary height. All cells are initially in the diffusive state. At each time step, the cell positions z i , i = 1, 2, ...N are updated according to
corresponding to sedimentation and diffusion. Here ζ i (t) is a stochastic variable, randomly selected at each timestep and for each cell from a normal distribution. Hard wall boundary
The data includes only trajectories for which k 0.4s T < 0.6. The MSD for pivoters levels off around 0.04 µm 2 . Because pivoters in our model are stuck with a single adhesive patch, the translational freedom is a measure for the approximate size of this patch. Using the MSD as an upper bound for the patch size, it would be (0.04)µm 2 ≈ 0.2 µm. fig. S6 . . shows the measured mean-squared displacement (MSD) for pivoters and wobblers.
section S6. MSDs of anchoring point for wobblers and pivoters section S7. Kinetic model details
conditions are used at z = 0 and z = z max , e.g., a cell placed at position z < 0 will be returned to z = 0 in the same time step.
Any cells which are weak or strong adherers, and which are within a small distance ∆z adh of either boundary, have a probability per timestep k adh ∆t of binding to that boundary. When bound they become pivoters and their position is fixed at z = 0 or z = z max as appropriate. With probability per timestep k det ∆t, they leave the surface to become diffusers (still with z = 0 or z = z max ). If they are strong adherers, they can also become wobblers with probability per timestep k P W ∆t. These wobblers cannot directly unbind from the surface, but can return to the pivoting state, with probability per timestep k W P ∆t.
For the WT populations, we also include motile cells that swim at a fixed speed v and are oriented with angle θ i ∈ [0, π] to the vertical. Initially, θ i (t = 0) are distributed randomly within the unit sphere, i.e., with probability distribution p(θ i )dθ i = sin(θ i )dθ i , and each motile cell has a probability per unit time Γ∆t of tumbling into a new random orientation. The vertical position of these motile cells is updated as
Again, reflective boundary conditions apply, and there is no specific reorientation of the cells when they reach the surface. Thus, a motile cell which reaches the surface will swim near the surface until it tumbles away. A fraction of these motile cells can also bind to and unbind from the surface just like weak adherers. A bound, motile cell is defined as a rotator. When a rotator unbinds from the surface there is again no specific change in its orientation. To model capillary inversion, we take the final frame of the original simulation and invert the position and orientation of all cells via the replacements z i → z max − z i and θ i → π − θ i . This becomes the first frame of the inverted simulation. At each timepoint we record the number of each state of cell (D, S, R, P, W) near or on the lower and upper surfaces. To calculate the temporal correlation functions we write down equations for the temporal evolution of the probabilities, f P = f str P + f weak P and f str W , that a given cell that is initially bound to the surface and is a strong or weak adherer, is found in a particular state, P or W:
Note that only three of the rate constants are relevant to this calculation, k P W , k W P , and k det .
We then obtain the correlation functions by solving this system of equations with particular initial conditions. For example, C W →P (τ ) = f str P (τ ), with delay time τ and the initial conditions f str P (τ = 0) = 0 and f W (τ = 0) = 1; in other words, these initial conditions correspond to 100% certainty that the cell is initially (at τ = 0) in the wobbling state, and is, by definition a strong adherer. Similarly, C P →P (τ ) = f str P (τ ) + f weak P (τ ), with initial conditions f str P (τ = 0) = χ str P , f weak P (τ = 0) = 1 − χ str P and f W (τ = 0) = 0, where χ str P is defined as the steady-state probability that a pivoter is a strong adherer. Performing this calculation for all the correlation functions, we obtain
where we have defined the dimensionless parameters µ = 1 2
and the composite rate constants k 1 = k P W (µ − ρ) and k 2 = k P W (µ + ρ). In other words, the strongly adhering cells contribute a complex biexponential decay, with rates k 1 and k 2 , because they can occupy both pivoting and wobbling states when bound, whereas the weakly adhering cells contribute only a single decay with rate constant k det , corresponding just to detachment from the surface. This single exponential decay appears only in C P →P , because any cell which is initially a wobbler or becomes a wobbler cannot be a weak adherer. The parameters used in the simulation are obtained by fitting by hand to the experimental data in Figs. 2-3 of the main text, as follows: k W P , k P W and χ str P are obtained by fitting to the correlation functions in main text Fig. 3e . From χ str P = 0.77 for ∆FF we obtain the ratio of weak to strong adherers N WA /N SA = 1.8 via
where N WA and N SA are the total number of weak and strong adherers. We then obtain the remaining parameters (the total number of non-adherers N NA and adherers N WA + N SA , and the rates k adh and k det ) by fitting to main text Fig. 2c ,f and Fig. 3a -c. A similar procedure was followed for the WT cells. The fitted rates are k adh = 360 hr −1 , k det = 0.077 hr −1 , k PW = 1.6 hr −1 and k WP = 0.84 hr −1 , and the cell numbers are listed in 
Supplementary Movies
The movie consists of three panels, from left to right: (1) the original movie as recorded using phase contrast microscopy, (2) images after filtering steps: removal of signal from dirt in front of the CCD(charge-coupled device)-chip, black/white inversion, light smoothing and background subtraction, cutoff for extremely bright pixels, renormalisation, and (3) analysed image, the image (after filtering) in red, and the length and width axis for each found cell in green. The movie is at 30 fps (real-time).
The square shows the anchoring point: red square = swimmer, yellow square = diffuser, blue square = wobbler, blue square with green inside = pivoter, blue square with red inside = active rotator, white square = ambiguous, white square with black inside = too short to be taken into account. The movement of the most mobile point on the length axis is traced over the last 100s. The movie is at 30 fps (real-time).
trajectories identified as diffusing cells (E. coli AB1157 WT), phase-contrast images after filtering on the left, and after analysis on the right. The red line indicates the length axis fit of the cell, the olive square indicates the anchoring point (least moving point on the cell's length axis). The history of the trajectory is drawn for the point on the cell that moves most, with the olive colour fading out as time progresses (3s). The movie is at 30 fps (real-time).
trajectories identified as swimming cells (E. coli AB1157 WT), phase-contrast images after filtering on the left, and after analysis on the right. The r ed line indicates the length axis fit of the cell, the red square indicates the anchoring point (least moving point on the cell's length axis). The history of the trajectory is drawn for the point on the cell that moves most, with the red colour fading out as time progresses (3s). The movie is at 30 fps (real-time).
trajectories identified as adhering cells (E. coli AB1157 WT) that are wobbling, phase-contrast images after filtering on the left, and after analysis on the right. The red line indicates the length axis fit of the cell, the blue square indicates the anchoring point (least moving point on the cell's length axis). The history of the trajectory is drawn for the point on the cell that moves most, with the blue colour fading out as time progresses (3s). The movie is at 30 fps (real-time). 
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The red line indicates the length axis fit of the cell, the blue/green square indicates the anchoring point (least moving point on the cell's length axis). The history of the trajectory is drawn for the point on the cell that moves most, with the green colour fading out as time progresses (3s). The movie is at 30 fps (real-time).
The red line indicates the length axis fit of the cell, the blue/red square indicates the anchoring point (least moving point on the cell's length axis). The history of the trajectory is drawn for the point on the cell that moves most, with the red colour fading out as time progresses (3s). The movie is at 30fps (real-time).
ovie 8 Examples of adhering cells with stained flagella (AD14) that are actively rotating. Signal from phase contrast microscopy is in red, fluorescence from flagella staining in green. Four example trajectories are shown. For trajectory 1 and 2, cells appear stuck with a patch on their surface or a short filament, and active rotation is facilitated by flagella in the plane of view, as is apparent from the correlation between flagella movement and cell rotation. Trajectory 3 shows a cell with no flagella visible, suggesting it is tethered to the surface with a short filament stuck to a flagellar motor. Trajectory 4 shows a cell that is 'tethered' to the surface with an adhering flagellum while the cell body is moving freely above the surface. The movie is at 30 fps (real-time).
Timelapse for a position on the lower capillary surface before capillary inversion, when there is a steady state. This movie is a composite from consecutive movies recorded at the same position but at different moments, showing a few seconds for each movie (the time since the start of the experiment is indicated in upper left corner). Circles indicate the presence of pivoting (green) and wobbling (blue) bacteria. Deserted binding-sites are depicted with grey circles on the surface. Note that there is a small number of mis-identifications, and that some events (detachments/attachments/transitions) occurred just before or after the frames shown in the video.
A side-view of the simulation box is drawn in white, with periodic boundary conditions in the x and y-directions, and impenetrable top and bottom surfaces in the z-direction. Gravity is always pointing down. The movie first shows the situations before inversion, inverting the sample, and after inversion. The movie corresponds to the curves in relevant parts of main text Fig. 2 and Fig. 3 .
A side-view of the simulation box is drawn in white, with periodic boundary conditions in the x and y-directions, and impenetrable top and bottom surfaces in the z-direction. Gravity is always pointing down. The movie first shows the situations before inversion, inverting the sample, and after inversion. The movie corresponds to the curves in relevant parts of main text Fig. 2 and Fig. 3 . movie S11. Computer simulations of the inversion experiment for ΔFF using a simple kinetic model. movie S10. Computer simulations of the inversion experiment for E. coli WT using a simple kinetic model.
